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A NETWORK ANALYSIS APPROACH USING TRANSCRIPTOMIC AND 
PHENOTYPIC PROPERTIES TO IDENTIFY THE EFFECTS OF PHOSPHATE 
DEFICIENCY ON FRACTURE HEALING 
 
ZI JUN DENG 
ABSTRACT 
Approximately 6.3 million fractures occur annually in the U.S. and almost 10% of 
these fractures fail to heal normally.  These non-union fractures adversely affect the 
patients’ quality of life and are an economic burden, due to both treatment costs and lost 
or reduced employment. Much of the biological and molecular basis of fracture healing 
and non-unions remains poorly understood. Previous studies have shown that 
hypophosphatemia produces a rachitic state and diminishes the endochondral ossification 
of long bone regeneration. Our studies used phosphate deficiency to produce a rachitic 
animal model in which to study delayed fracture healing. The goal of this study is to 
investigate the effects hypophosphatemia have on the healing bone’s temporal mRNA 
expression profiles, its correlations with bone phenotypes, and the effects diet and genetic 
strain have on significant bone-healing genes. 
Three strains — A/J, C57BL/6J, C3H/HeJ (AJ, B6, and C3 respectively) — of 
skeletally mature male mice had stabilized fractures produced in the right femur. 
Hypophosphatemia was produced by feeding a group (Pi) of mice with a low phosphate 
diet starting two days before surgery until 14 days after surgery when the regular diet is 
reintroduced. The control group (Ctrl) was fed the regular diet throughout. At harvest 
time points (post-operative days; POD) 3, 5, 7, 10, 14, 18, 21, 28, and 35, RNA was 
  vii 
extracted from the fracture callus and quantified via microarray analysis. From a different 
set of mice, the calluses were extracted on POD 14, 21, and 35, for phenotype 
measurements. Diet and strain significant genes were identified by ANOVA with 11,037 
from a total of 21,187 genes. These 11,037 genes were evaluated by Weighted Gene Co-
expression Network Analysis (WGCNA) to correlate transcriptomic data to phenotypic 
properties of the healing bone. Additionally, the genes were also analyzed using a custom 
polynomial clustering method in order to cluster genes together based on similar temporal 
expression profiles. 
WGCNA results showed that, out of the list of 11,037 genes, 10,620 genes (from 
Ctrl group) and 10,351 genes (from Pi group) respectively clustered either into a group 
positively correlated with or a group negatively correlated with bone structural properties. 
In terms of biological functions present in the two gene groups, the positively correlated 
group consists of immune-related functions while the negatively correlated group consists 
of bone, cartilage, and vasculature functions. There were a greater number of bone-
healing functions in the Pi groups relative to the Ctrl groups; this finding is consistent 
with known accelerated bone healing in the Pi group after phosphate has been returned to 
the diet at POD 14.  
Polynomial clustering results showed specific temporal gene expression 
differences between strains. Some genes, such as HIF-1α, had the same temporal gene 
expression regardless of diet or strain and are likely to be unaffected by phosphate 
deficiency while also being conserved across genetic strains. Other genes, such as IHH, 
had AJ temporal gene expressions, distinct from the B6 and C3, displaying a diminished 
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peak with no compensation after phosphate recovery. Lastly, few genes, such as BMP2 
and RUNX2, showed no Pi diet effects in AJ and C3 but were affected by the Pi diet in 
B6. Genes such as these may be attributable to previous findings where B6 bones are 
structurally less mineralized compared to AJ and C3 at POD 35 and beyond.  
These studies provided a highly detailed understanding of the temporal changes in 
the transcriptome in relation to both bone healing and the underlying changes at the organ 
level (bone phenotype). Through the analysis of specific genes’ temporal expressions, our 
findings further defined the role of phosphate deficiency in impaired bone repair. Future 
directions are to find the central hub gene, genes that are interconnected with the greatest 
number of other genes, for each different temporal genetic expression motif. Once 
identified, those temporally-clustered motifs and their central hub genes will be 
correlated directly with bone phenotypes in order to understand how these temporal 
transcriptomic profiles are associated with biomechanical and structural bone properties 
in the healing bone. 
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1. INTRODUCTION 
1.1 Introduction to Bone Development 
Every year, approximately 6.2 million fractures occur in the United States alone 
(Dahabreh, Calori, Kanakaris, Nikolaou, & Giannoudis, 2009). Of those 6.2 million 
fractures, it is estimated that the prevalence of non-union fractures, a complication in the 
bone fracture healing process, is between 5%-10% (Thomas A. Einhorn & Gerstenfeld, 
2015). The FDA currently defines non-unions as incomplete healing following 9 months 
after injury and the lack of further signs of healing on serial radiographs 3 months 
afterward (Panteli, Pountos, Jones, & Giannoudis, 2015). A case of non-union fracture is 
not only morbid for the patients involved but economically costly as well. Other than 
affecting patients’ occupational abilities, non-union fractures’ annual incremental 
medical cost can reach up to $20,000 per year (Conway, Shabtai, Bauernschub, & Specht, 
2014). Systematically, the burden of osteoporotic fractures alone cost U.S. healthcare $20 
billion annually (Solomon, Patrick, Schousboe, & Losina, 2014). Given the severe 
consequences of delayed healing and non-union fractures, there is an imperative to 
understand the molecular mechanisms involved in the regulation of the fracture healing 
process. 
Interestingly, one unique aspect of fracture healing that distinguishes it from the 
human body’s various healing mechanisms is that it parallels embryological bone 
formation. Scar tissues are not formed in the healed bone because the process is truly 
regenerative (Ferguson, Alpern, Miclau, & Helms, 1999). Embryological skeletogenesis 
can be separated into two different processes of bone formation: intramembranous and 
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endochondral ossification. During development, flat bones such as the skull employ 
intramembranous ossification whereas long bones such as limbs employ endochondral 
ossification, 
In intramembranous ossification, bones are formed directly through the 
condensation of mesenchymal stem cells (MSCs) in the highly vascular environment. 
Condensed MSCs first differentiate — around centers of ossification — into 
osteoprogenitor cells, which then further differentiate into osteoblasts. Osteoblasts orient 
themselves apically towards the center of ossification, surround it, and then apically 
secrete collagen & osteoid (unmineralized bone matrix) into the closed space. Minerals 
such as Ca
2+
 will then enter into the osteoid and mineralize the bone matrix. Osteoblasts 
that are trapped by the mineralizing bones differentiate into osteocytes, mature cells 
situated in lacunae which maintain the bone. Ossification occurs around vasculature 
because blood vessels, in addition to supplying nutrients, also supply monocytes which 
differentiate into osteoclasts. Osteoclasts then help to break down and remodel the newly 
formed woven bone. Sheets of MSCs will continue to condense into layers of bone until 
the flat bone is formed. Intramembranous ossification is used for the bone formation of 
flat bones such as the mandible, scapulae, and sternum (Dimitriou, Tsiridis, & 
Giannoudis, 2005). 
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Figure 1 – Progression of Intramembranous Ossification: The progression of 
intramembranous ossification from MSCs to the final mature flat bone. From (Zhong, 
Ethen, & Williams, 2014).  
 
 In endochondral ossification — as the name suggests — MSCs condense and 
differentiate into chondrocytes first. After chondrogenesis and formation of the avascular 
hyaline cartilage template, surrounding MSCs will then condense and differentiate into 
the vascular periosteum. Chondrocyte proliferation will begin to expand the cartilage in a 
longitudinal direction. Eventually, the chondrocytes near the middle of this cartilage 
template will undergo hypertrophy and burst. Concurrently, the center of the periosteum 
will develop into a periosteal bone collar which cuffs the middle of the cartilage and 
allows for the invasion of vessels, osteoblasts, and osteoclast into the region — hence 
establishing the primary ossification center of the long bone (Colnot, 2005). 
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Figure 2 – Progression of Endochondral Ossification: The progression of endochondral 
ossification from hyaline cartilage to the mature long bone (before epiphyseal fusion at 
the end of puberty. From (Zhong et al., 2014). 
 
 When hypertrophic chondrocytes undergo apoptosis, the mineralized cartilage 
tissue is resorbed by osteoclasts and the empty lacunae in which chondrocytes resided 
become vascular sinusoids and fill with marrow. Osteoblasts then lay down osteoid & 
collagen on the residual longitudinal trabecular or mineralized cartilage that has not been 
resorbed, and will eventually form the mineralized bone trabeculae. Simply put, both the 
primary and secondary ossification center will continue to convert cartilage to bone until 
only the epiphyseal plate remains as cartilage. This epiphyseal plate will continue to grow 
cartilage — until the end of puberty — to be converted into bone to facilitate long bones’ 
growth in length. Endochondral bone formation occurs in long bones of the appendicular 
skeleton, and the vertebrae bodies of the axial skeleton. 
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1.2.1 Fracture Healing – By Metabolism 
Given that bone healing parallels embryological skeletogenesis, many of the 
specific mechanisms used during skeletogenesis are also employed in the fracture healing 
process (Ferguson et al., 1999; Marsell & Einhorn, 2011). Long bone fracture repair can 
be categorized into primary and secondary bone healing. Primary bone healing uses only 
intramembranous ossification and is the direct attempt of the bones to reconnect the 
fracture without the need of an intermediate cartilaginous callus tissue (Kaderly, 1991). 
But due to the proximity needed between broken bones for primary bone healing to be 
effective, primary bone healing is actually rarely seen and most fracture repairs are 
mediated through the secondary bone healing process. The secondary bone healing 
process occurs in overlapping stages and characteristically includes the use of 
cartilaginous callus tissue, endochondral ossification, and intramembranous ossification 
(Thomas A. Einhorn & Gerstenfeld, 2015; Grimes, Jepsen, Fitch, Einhorn, & 
Gerstenfeld, 2011). 
While the stages of secondary bone repair can be analyzed in various different 
methods and levels, the broad description of fracture healing can be separated into 2 
timelines: the metabolic and the biological — as seen in Figure 3 (Hankenson, 
Zimmerman, & Marcucio, 2014). 
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Figure 3 – Femur Fracture Repair: Figure shows the metabolic phases (blue bars) with 
overlapping biological stages (brown bars) of femur fracture repair. The anabolic 
metabolic phase starts during the early inflammatory stage and lasts until the end of the 
endochondral stage. The catabolic metabolic phase begins at the transition between 
inflammatory stage and endochondral stage and continues as long as remodeling is 
required. From (Thomas A. Einhorn & Gerstenfeld, 2015)  
 
 Looking first at the metabolic timeline of femur fracture repair, fracture healing 
begins with anabolism and continues until the beginning of the final remodeling phase. 
The anabolic phase is involved in the following processes: (1) formation of fracture 
hematoma at injury site, (2) the immune inflammatory response to bone damage, (3) 
recruitment of MSCs which differentiate into chondrocytes and osteoblasts, (4) creation 
of the cartilage to form a soft callus, (5) creation of primary (woven) bone to form a hard 
callus, (6) recruitment of systemic stem cells to injury site to facilitate angiogenesis and 
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vasculogenesis, and (7) the beginning of primary bone remodeling into secondary 
(lamellar) bone (Hankenson et al., 2014). 
 Conversely, the catabolic phase — while overlapping greatly with the anabolic 
phase — starts later at the onset of soft callus formation where both formation and 
resorption of bone begins to happen simultaneously (Hankenson et al., 2014). The 
catabolic process is involved in the following processes: (1) cartilage resorption of soft 
callus by osteoblasts, (2) resorption of primary bone laid down during intramembranous 
or late stages of endochondral ossification, and (3) remodeling of original bone structures 
such as outer cortical layer microstructure and bone marrow space (Hankenson et al., 
2014).  
 
1.2.2 Fracture Healing – By Biological Events:  
 Other than describing the bone repair timeline via metabolism, an alternative 
method is to describe the timeline via biological events separately into 4 stages. These  4 
overlapping stages are: (1) the Inflammatory stage; (2) the Soft Callus Formation Stage; 
(3) the Hard Callus Formation stage; and (4) the Coupled Remodeling Stage 
(Gerstenfeld, Cullinane, Barnes, Graves, & Einhorn, 2003). 
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Figure 4 – The 4 Biological Stages: The four biological stages in sequence: (1) Initial 
injury inflammation (Inflammation Stage), (2) Endochondral Formation & Periosteal 
Response (Soft Callus Formation Stage), (3) Primary Bone formation (Hard Callus 
Formation Stage), and (4) Secondary Bone Formation & Coupled Remodeling (Coupled 
Remodeling Stage). These stages do overlap with each other. The figure also shows the 
relative intensity of bone healing significant molecules across the four stages 
(Gerstenfeld et al., 2003) 
A. Inflammatory stage  
Three notable events that occur during the inflammatory phase are fracture 
hematoma, the non-specific inflammatory response, and the formation of granulation 
tissue. 
i. Fracture Hematoma 
When bone fractures, the blood vessels within and around the bone are also 
damaged. This causes blood to bleed out into the fractured space. Due to the presence of 
inflammatory cell-derived cytokines and growth factors (GFs), the blood begins to clot 
into a hematoma. The hematoma will eventually develop into the granulation tissue with 
new vascularization (Jahagirdar & Scammell, 2009).  
 
ii. Non-specific inflammatory response 
 Activated directly by the damage of the fractured bone and surrounding tissues, 
the non-specific inflammatory response is mounted (Marsell & Einhorn, 2011). Innate 
immunity leukocytes migrate to the injury site in order to remove necrotic cells — caused 
by lack of innervation or vascularization — and to prevent infection (T. A. Einhorn, 
1998). These inflammatory cells also release signals involved in the formation of blood 
into hematoma. 
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ii. Granulation Tissue 
 Similar to the granulation tissue in epidermal wound repair, the granulation tissue 
in the bone is a temporary fibrous connective tissue that serves two major functions. First, 
it reduces the strain on the nascent tissues filling the fractured space. Second, it is a 
scaffold — between the broken ends of bones — where cartilage will eventually form. 
Mediators released by cells can stimulate MSCs to differentiate into chondrocytes (Bais 
et al., 2009). In particular, upregulation of specific mediators such as Hypoxia-Induced-
Factor-1α (HIF-1α), Vascular Endothelial Growth Factor (VEGF), and Bone 
Morphogenetic Proteins (BMP) can stimulate neoangiogenesis and MSCs recruitment 
(Marsell & Einhorn, 2011).  
 
B. Soft Callus Formation stage 
 Towards the end of the inflammatory stage, necrotic cells are cleared out from the 
fracture site and a cartilaginous template will begin forming in place of the granulation 
tissue. Next to the fractured bone are four regions that are known to be associated with 
the healing process: the medullary canal, the fracture gap between cortices, the 
periosteum, and the surrounding soft tissue (Marsell & Einhorn, 2011). Of these four 
regions, it is the medullary canal and the fracture gap that contributes to the formation a 
soft fibrocartilage callus. This soft callus will fill in the fracture gap and will primarily act 
as a template that is eventually ossified into new bone via endochondral ossification 
(Bronner, Farach-Carson, & Roach, 2010). Endochondral ossification is achieved by 
recapitulating fetal skeletogenesis (Ferguson et al., 1999) and crucially relies on the 
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appropriate development of chondrocyte and fibroblast lineages respectively from MSCs 
(Bais et al., 2009).  
 In the beginning of soft callus formation, MSCs are recruited from the 
periosteum, bone marrow, and adjacent soft tissue (Colnot, 2005; Rumi, Deol, Bergandi, 
Singapuri, & Pellegrini, 2005). These MSCs then differentiate into chondrocytes which 
synthesize a cartilage matrix over the fibrous granulation tissue formed at the end of the 
inflammation stage (Marsell & Einhorn, 2011). Histologically, two crescent-shaped 
regions of cartilage will continue to grow inward over time until they converge and form 
a fibrocartilage scaffold that encompasses the entirety of the fracture gap (Gerstenfeld et 
al., 2006).  
 This newly formed soft callus — consisting of extracellular matrix (ECM) of 
hyaline cartilage and fibrous proteins — is then calcified (Schindeler, McDonald, Bokko, 
& Little, 2008). As calcification occurs, chondrocytes will undergo hypertrophy and 
switch from production of collagen and proteins to alkaline phosphatase — an enzyme 
necessary for hydroxyapatite deposition in bone (de Crombrugghe et al., 2000).  
Chondrocytes that are undergoing hypertrophy also initiates secretion of VEGF, an 
important growth factor for angiogenesis (Carlevaro, Cermelli, Cancedda, & Descalzi 
Cancedda, 2000; Keramaris, Calori, Nikolaou, Schemitsch, & Giannoudis, 2008). 
Angiogenesis - the growth and branching of new blood vessels from existing vasculatures 
- is particularly important for bone regeneration because it helps to supply nutrients and 
oxygen for the high metabolic demand of fracture healing (Towler, 2008).  
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 When calcification of the matrix is complete, two events occur: (1) 
osteoprogenitor cells differentiate into osteoblasts and will then secrete osteoid over the 
matrix (Kirsch, Nah, Shapiro, & Pacifici, 1997); (2) hypoxic chondrocytes in the new 
calcified environment will undergo apoptosis. Remaining cartilage matrices will be 
degraded by metalloproteinases and more vasculatures will invade the mature calcified 
tissue (de Crombrugghe et al., 2000).  
 
C. Hard Callus Formation stage 
 The hard callus is another callus that does not replace the soft callus, but rather 
tends to occur in and reinforces other regions of the fracture space that is already 
relatively stable. The hard callus formation stage uses intramembranous ossification — 
also known as primary bone formation — to form bone without needing a cartilage 
template and is directly initiated by osteoprogenitor cells and MSCs (Gerstenfeld et al., 
2003). The subperiosteal region and bone marrow are likely suppliers of the MSCs used 
in hard callus formation (Colnot, 2005). Some of these MSCs differentiate into 
osteoblasts which produce fresh layers of woven bone via secretion of proteins and 
osteoid. The hard callus and the soft callus together forms the bridging callus (Marsell & 
Einhorn, 2011).  
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D.  Coupled Remodeling Stage 
 This final stage of bone mineralization is characterized by the replacement of 
woven bone — from either endochondral or intramembranous ossification — with 
lamellar bone, or secondary bone. Remodeling is achieved by a delicate balance between 
bone resorption and bone formation via signaling pathways involving Receptor activator 
of nuclear factor kappa-β (RANK), Receptor activator of nuclear factor kappa-β ligand 
(RANKL), and osteoprotegerin (OPG) molecules (Sims & Gooi, 2008). Osteoclasts — 
derived from the monocyte lineage — secrete acid and proteinases to break down bone 
nearby; osteoblasts then form new bones to replace the resorbed bones (Schindeler et al., 
2008; Sims & Gooi, 2008). Remodeling is a relatively long process, the final outcome, 
however, will be a repaired cortical and/or trabecular bone that recovered much of the 
original architecture and biomechanical strength prior to injury (Gerstenfeld et al., 2003; 
Marsell & Einhorn, 2011). 
 
1.3 Phosphate Deficiency’s Effects on Biomechanical and Structural Properties of 
the Healing Bone 
The animal model used in this study is chosen based on previous finds that 
phosphate deficiency delays bone fracture repair in hypophosphatemia and is  associated 
with the disease states of rickets and osteomalacia (Earle, Seneviratne, Shaker, & 
Shoback, 2004; Linde, Saxena, & Feldman, 2001; Robinson, Casavant, Nahata, & 
Mahan, 2004). Phosphate deficiency impairs bone healing, however, the specific role of 
phosphate in fracture repair is poorly understood.  
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Previous studies have established that acute phosphate restriction in the murine 
model impairs further differentiation of hypertrophic chondrocytes and consequently 
affects endochondral bone repair (Wigner et al., 2010). While Wigner showed a potential 
molecular basis for phosphate-deficient impaired bone repair, that study did not 
investigate how phosphate-deficient bone is impacted mechanically. Since a key indicator 
of bone healing is the recovery of bone strength and stiffness, past experiments in the 
Orthopaedic Research Laboratory at Boston University have studied the effects of 
phosphate deficiency and subsequent phosphate rescue at post-operative day 14 on the 
biomechanical properties of the healing bone over time (Hogue, 2014; Matheny, 2014; 
Wulff, 2015).  
All structural and biomechanical data obtained from µCT and mechanical testing 
are conducted as described in (Morgan et al., 2009). Callus composition and 
biomechanical properties were analyzed on post-operative days 14, 21, and 35. Calluses 
were first imaged using micro-computed tomography (µCT 40, Scanoco, Medical, 
Brüttisellen, Switzerland) which yielded the following structural measurements stated in 
Table 1 (Hogue, 2014; Matheny, 2014; Wulff, 2015): 
The 2D tomography from µCT was then used to calculate the polar moment of 
inertia (Ji) and effective polar moment of inertia (Jeff) of the same calluses according to 
the following previously established techniques (Morgan et al., 2009). The effective polar 
moment of inertia is a measure of the bone’s ability to resist fracture by accounting for 
the distribution of the bone tissue around the bone longitudinal axis.  
 
 15 
μCT Structural Measurements Definitions 
Total Volume (TV) Volume of all voxels within the callus, 
excluding cortex (mm
3
) 
Bone Volume (BV) Volume of voxels identified as mineralized 
tissue i.e. voxels with a grey scale intensity 
equal or greater than 45% of pre-existing 
bone (mm
3
) 
Callus Mineralized Volume Fraction 
(BV/TV) 
Relative bone volume ratio (-) calculated as 
a division of bone volume over total bone 
volume 
Tissue Mineral Density (TMD) Average voxel density (mg HA/cm
3
) of 
voxels within the BV component of the 
callus, considers only mineralized tissue (mg 
HA/cm
3
) 
Standard Deviation of Mineral 
Density (TMD.sd) 
Standard deviation of TMD measurements 
(mg HA/cm
3
) 
Bone Mineral Density (BMD) Average Voxel density (mg HA/cm
3
) of 
voxels in a defined region of interest, 
contains a mixture of bone, soft tissue, and 
marrow (mg HA/cm
3
) 
 
Table 1 - Callus structural properties measured from µCT: Explanation of structural 
properties of fracture calluses obtained from µCT evaluations. From (Matheny, 2014) 
After structural analysis by µCT, the same fracture callus tissues were analyzed 
for biomechanical properties via a torsional testing system that twists the healing bone 
until it breaks. (MT55, Instron, Norwood, MA). This mechanical testing yields the 
following biomechanical bone properties: strength, also known as max torque (maximum 
torque supported by callus before breaking); stiffness (the slope of the linear region of the 
torque-twist curve); rigidity (is the slope of the torque-twist curve after normalizing the 
twist angle by the gauge length); toughness (the area under of the torque-twist curve 
which represents the total work required to break the bone); twist to failure (and the 
maximum angular displacement applied to the bone before it breaks) (Matheny, 2014; 
Morgan et al., 2009). Stiffness and Rigidity are considered in two ranges, narrow and 
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break. The narrow range considers only part of the torque-twist curve whereas the break 
range considers the entire torque-twist curve from the onset of torque application and to 
the point of bone breakage (Wulff, 2015). 
The results of these past investigations have all shown that hypophosphatemic 
fracture calluses analyzed on POD 14 are significantly compromised structurally and 
biomechanically compared to a normal diet fracture callus. That significant structural and 
biomechanical difference between the diets was not observed on POD 21 and 35 — given 
that normal phosphate was reintroduced on POD 14. This suggests that when phosphate 
was made available during this window when endochondral ossification is normally 
supposed to happen, the phosphate-deficient bone is able to rapidly boost bone healing 
and to be comparable to the fracture healing in the control (Ctrl) group by day 35. 
(Hogue, 2014; Matheny, 2014; Wulff, 2015). 
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Figure 5 – Torque-Twist Curve: (A) Torque-twist curve showing biomechanical 
measures computed after torsional mechanical testing. Maximum torque (strength) and 
twist to failure (angular displacement) were measurements made at the callus’ failure 
point. Stiffness was calculated via the slope of the linear section of the curve. Work to 
failure (toughness) was calculated as the integrated area under the torque-twist curve 
from no twist to the point of callus failure  (Matheny, 2014). (B) Torque-twist curve that 
shows the range of consideration for Stiffness (narrow) and Rigidity (narrow). (C) 
Torque-twist curve that shows the range of consideration for Stiffness (break) and 
Rigidity (break) (Wulff, 2015). 
 
1.4 Phosphate Deficiency’s Effects on Genetic Expressions of the Healing Bone 
 Mechanical testing is useful for assessing how phosphate deficiency affects the 
outcome of bone healing, but to understand how the phosphate-deficient diet (Pi diet) 
affects the process of bone healing, one must examine the biology involved by examining 
gene expression. It is known that while the Pi diet does compromise the normal biology 
of bone healing, the specific response to dietary phosphate deficiency can be different 
based on genetic factors such as mice strains (Hogue, 2014; Matheny, 2014; Wulff, 
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2015). Previous findings on the B6 strain mice showed no decrease in mRNA levels of 
Sox9 and Sox5 — factors important in the early recruitment and commitment of 
chondrocytes. Instead, the study found that hypertrophic chondrocytes became resistant 
to BMP-2 signaling and hence also became resistant towards further differentiation. It 
was hypothesized that this restriction to the differentiation of hypertrophic cartilage is the 
cause of impaired endochondral ossification in a Pi diet (Wigner et al., 2010). 
 In order to further scrutinize the entire transcriptome’s profile over time under the 
Pi diet, past investigations in the Orthopaedic Research Laboratory at Boston University 
have also analyzed the microarray RNA sample of phosphate-deficient healing callus 
tissues on POD 3, 5, 7, 10, 14, 18, 21, 28, 35 (Carroll, 2016). The range of days 
encompasses all stages of bone healing in the murine model from the initial inflammation 
stage to the late remodeling stage. POD 14 is when Pi diet was switched to a normal diet 
to observe what genes are involved in the rapid progress in bone healing seen in the 
biomechanical and structural analysis (Hogue, 2014; Wulff, 2015). Metabolism genes 
that were expressed highly differently between the Pi and Ctrl diet were grouped into 
clusters of genes with similar profiles via normal mixture approach. Overall, the 
microarray analysis showed that a phosphate restricted diet affected temporal expression 
profile in a mice strain-specific manner (Carroll, 2016). 
 Even though more is now understood about the mechanisms involved in the 
impaired fracture healing seen in hypophosphatemia, the previous transcriptomic analysis 
was restricted in scope. This was due to the fact that the previous normal mixture 
approach used was limited in the total number of genes that could be considered. Instead 
 19 
of clustering based on all gene candidates in the callus tissues, only the most significant 
metabolism genes were clustered for further analysis.  
1.5 Study Aims 
In light of both the results and limitations of the previous works, the specific aims 
of this study are to complete a more comprehensive analysis of the transcriptome and its 
correlation with the bone phenotypes: 
(1) Application of a novel polynomial clustering method that is capable of considering all 
candidate genes for clustering based on the gene’s temporal expression profile  
(2) Exploration of the previously established clustering method of Weighted Gene Co-
expression Network Analysis (WGCNA) which can cluster genes based on inter-gene 
correlations and also correlates outputted clusters with phenotypical traits of bone 
biomechanical and structural properties 
(3) Consolidation of the information provided by polynomial clustering and WGCNA to 
more precisely understand the effect of phosphate restriction on biological processes 
related to bone, cartilage, and vessels. 
 
 
  
 20 
2. METHODS 
2.1.1 Experimental Design 
 All animal studies were completed according to an Institutional Animal Care and 
Use committee (IACUC) protocol approved by Boston University School of Medicine. 
Experimental data — both transcriptomic and phenotypic — were obtained from the 
healing femoral fracture sites of three strains of inbred mice, A/J (AJ), C57BL/6J (B6), 
and C3H/HeJ (C3) (Carroll, 2016; Hogue, 2014; Matheny, 2014; Wulff, 2015)Only male 
mice were used for this experiment to control for possible variability caused by sexual 
dimorphism. All mice were obtained from the Jackson laboratories (Bar Harbor, Maine).  
Stabilized fractures in the right femur were produced in mice between 8 to 12 
weeks old as described in (Bonnarens & Einhorn, 1984) with additional modifications as 
done in (Jepsen et al., 2008).  All mice during the acclimation period were first fed 
standard mouse chow diet (Harlan Laboratories, Madison, WI) diet. Two days prior to 
surgery and after the acclimation period, the experimental group (Pi) was switched to a 
low phosphate diet prepared by (Harlan Laboratories, Madison, WI) as described in 
(Wigner et al., 2010); the control group (Ctrl) continued receiving the standard chow diet. 
At post-operative day 14, phosphate was replenished in the Pi group’s diet. 
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Figure 6 - Experiment Timeline: Cartoon illustrates the timeline for phosphate 
restricted diet (in blue) for the experimental Pi mice groups compared to the control mice 
groups. RNA was collected at each time point for all three strains of mice. From 
(Hussein, 2015). 
2.1.2 Experimental Design - Transcriptomic Data 
All transcriptomic data used came from previous work by (Carroll, 2016; Hogue, 
2014; Matheny, 2014). Right femur fracture calluses for both Pi and Ctrl groups of all 
strains were harvested on post-operative days (POD): 3, 5, 7, 10, 14, 18, 21, 28, and 35. 
As a control, 3 samples were also harvested on post-operative day 0 for the Ctrl group of 
each strain. RNA was extracted from the harvested callus (Hogue, 2014; Matheny, 
2014).Though there were 6 harvested samples per group (diet × strain × time point), 
RNA was pooled between 2 same-group samples to account for variance between 
samples. Therefore the final input into the microarray is 3 samples per group. As a 
quality control, 17 samples were also replicated in each batch to account for the batch 
effect (Carroll, 2016). Microarray data and quality control as performed by the 
microarray core facility at Boston University (Carroll, 2016). 
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Figure 7– Microarray Preparation Flowchart: Figure shows the process in condensing 
the 333 harvested samples into the final total 172 samples used for microarray analysis. 
 
2.1.3 Experimental Design - Phenotypic Data 
 All phenotypic data were acquired from studies done by (Hogue, 2014; Matheny, 
2014; Wulff, 2015). The same fracture procedure described in 2.1.1 was also used for the 
phenotypic data. The fracture callus tissues were analyzed on post-operative days 14, 21, 
and 35. Biomechanical and structural data of the fractures were procured as described 
previously in introduction 1.3. Unlike transcriptomic data, where there were only 3 
samples per experimental group (diet/strain/time point), the phenotypic data between 10-
12 samples per group. 
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2.2 Statistical Analysis and Data Selection 
 A total of 21,187 genes from the microarray were used in this study. An 
analysis of variance (ANOVA) — with diet, strain, and diet-strain interactions as factors 
— was conducted on the absolute, batch-corrected values of gene expressions. Each gene 
was then as a Rank from 1 to 5 as described in Table 2. In this experiment, genes ranked 
1, 2, and 3 were considered as diet significant and proceeded to the next step of the 
analysis (11,037 genes). These genes were further  analyzed using Weighted Gene Co-
expression Network Analysis (WGCNA Version 1.49 in R 3.2.0) (Langfelder & Horvath, 
2008) and Polynomial Cluster Analysis (SAS 9.4, Inc., Cary, NC; further post-processing 
of the data was performed using Matlab 7.12 (R2011a), The Mathworks, Natick, MA).  
Rank 1 Rank 2 Rank 3 Rank 4 Rank 5 
Gene is 
significant for 
Pi, Ctrl, and 
the interaction 
term between 
them 
Gene is only 
significant for 
one of the 
diets and the 
interaction 
term between 
them 
Gene is 
significant for 
Pi and Ctrl but 
not the 
interaction 
term between 
them 
Gene is only 
significant for 
one of the 
diets. The 
interaction 
term is not 
significant. 
Gene is not 
significant for 
any diet or 
interaction 
term. 
 
Table 2 – ANOVA Rank Descriptions: ANOVA results of gene expressions were ranked 
from 1 to 5 determined generally by diet significance. Specifically, the table shows the 
criteria used to differentiate the different ranks. This experiment used only genes of Rank 
3 or higher. 
 
2.4.1 Preprocessing for Weighted Gene Co-expression Network Analysis 
 Using WGCNA to analyze the 11,037 significant genes is meaningful because: 
(1) it clusters the thousands of genes into several manageable macroscopic modules for 
further scrutiny, and (2) it correlations between transcriptomic gene modules and 
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phenotypic traits can be obtained. All WGCNA procedures were performed as described 
in (Ghazalpour et al., 2006) with modifications made to account for the temporal nature 
of this experiment’s dataset.  
Pre-processing of the microarray data was still required before it could be inputted 
into WGCNA. The first modification step was to normalize all microarray gene 
expression data to its corresponding strain’s Ctrl day 0’s average expression for that gene. 
The phenotypic data were only obtained for post-operative days 14, 21, and 35 and since 
WGCNA’s code requires 1 genetic data to match with 1 other phenotypic data in a 1:1 
ratio, the microarray data from time points 14, 21, 35 were only included in this analysis. 
Ideally, the microarray data should be from the same animal as the phenotypic data, 
however, due to the destructive nature of the experiments, the transcriptomic data and 
phenotypic data were obtained for a different set of mice. Given that more samples were 
collected for the phenotypic data as compared to transcriptomic data (n = 10-12 vs 3), 
each RNA sample was randomly matched with one of the phenotypic samples within 
each time point, strain, and diet group. As a quality control, two additional different 
randomizations were also analyzed to check for potential random error.  
At this stage, there were 2 diets, 3 time points, and 3 strains. For each time point × 
strain × diet combination, there were 3 samples. In order to reach reasonable numbers of 
samples required by WGCNA, samples across strain and time were pooled. To conclude, 
the final input into WGCNA was 27 samples of microarray (11,037 genes) and 
phenotypic data (16 traits) for both the Pi and Ctrl diet.  
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Figure 8 – Demonstration of RNA and Phenotype Random Match: Above is a 
schematic for the RNA and phenotype data matching. Black arrows represent a random 
match first made for WGCNA analysis. Red arrows represent a second random match 
that is used in WGCNA analysis for quality control. If the output of both random matches 
is not significantly different from each other, then it is likely that our results are real and 
not a consequence of error from the random matching. 
2.4.1 Fulfilling Criteria for Weighted Gene Co-expression Network Analysis  
 The transcriptomic and phenotypic data for both diet were separately inputted into 
the WGCNA code as described in (Gautier, Cope, Bolstad, & Irizarry, 2004). One benefit 
to using WGCNA is that it allows for association of genetic data to phenotype data. In the 
context of bone healing, this analysis can potentially identify the specific genes 
responsible for the weakened and subsequently recovered biomechanical properties of the 
bone. Only Farber et al, (Farber, 2010) has previously used WGCNA to investigate BMD 
and structural phenotypic association with gene expression in the B6 strain. Though our 
experiment does include multiple mice strains in order to understand how genetic 
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variability might possibly impact the Pi diet effect, this specific question could not be 
answered via WGCNA due to sample size constraint. All WGCNA input was pooled for 
statistical viability. Since the transcriptomic input was pooled together from all mice 
strains, the WGCNA results below instead illustrates the Pi and Ctrl diet effects that are 
conserved across the mice strains regardless of genetic variability.  
As a quality check for outliers in the sample before WGCNA, a hierarchical 
clustering of all samples — not the individual genes — was done. An outlier can be 
visualized on the outputted cluster dendrogram as a relatively unrelated sample compared 
with all other samples. For this experiment, no samples were found to be outliers and 
excluded from further analysis. WGCNA is also advantageous because, instead of a 
binary decision of whether a gene is either in a cluster or not, a gene is instead assigned a 
value between 0 and 1 that describes how strongly it does belong in each module (module 
membership). This is accomplished because of WGCNA uses a “soft-threshold” instead 
of the binary in-or-out “hard threshold” typically used. But a data-appropriate soft-power 
threshold — determined by soft-power threshold power β - must be determined 
specifically for each dataset according to the scale-free topology criterion (Zhang & 
Horvath, 2005). For both diets in our study, a power of β=12 was determined to be 
reasonable.  
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Figure 9 – Determining soft-power threshold β for scale-free topology: Figure shows 
the scale independence and mean connectivity for all β from 1 to 20 for both diets. A 
desirable pick is the smallest β possible near the plateau R2 value (such as a local 
maximum in scale independence). This β pick will result in a Scale Free Topology Model 
with a good R
2
 value while maximizing the mean connectivity between genes (bigger 
modules). β=12 was chosen for this data for both diets for consistency.  
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After setting the soft-power threshold, WGCNA begins a series of calculations to 
cluster the thousands of genes into several gene module clusters. The Pearson correlation 
coefficient of all gene-gene comparisons was first calculated. The correlations were then 
converted to an adjacency matrix where adjacencies are defined as: 
𝑎𝑖𝑗 = |𝑐𝑜𝑟(𝑥𝑖 , 𝑥𝑗)|
𝛽 
Where 𝑥𝑖 and 𝑥𝑗 are the expressions of the i
th
 and j
th
 gene being considered. Modules are 
defined as sets of genes with high topologic overlap and the topologic overlap measure 
(TOM) between the the i
th
 and j
th
 gene is: 
𝑇𝑂𝑀 =
∑ 𝑎𝑖𝑢𝑎𝑢𝑗 + 𝑎𝑖𝑗𝑢≠𝑖.𝑗
min(𝑘. 𝑡𝑜𝑡𝑎𝑙𝑖, 𝑘. 𝑡𝑜𝑡𝑎𝑙𝑗) + 1 − 𝑎𝑖𝑗
 
Where 𝑘. 𝑡𝑜𝑡𝑎𝑙𝑖 is the sum of all adjacencies of the i
th
 gene with every other gene 
considered,  ∑ 𝑎𝑖𝑢𝑎𝑢𝑗𝑢≠𝑖.𝑗  represents the number of nodes that the i
th
 and j
th
 gene are both 
connected to, and u indexes the nodes of the network. After obtaining the TOM, a TOM-
based dissimilarity measure (1-TOM) was used in hierarchical clustering. Gene modules 
are the branches of the resulting cluster dendrogram of genes defined using the “dynamic 
hybrid” branch-cutting algorithm (Farber, 2010; Langfelder, Zhang, & Horvath, 2008). 
 
2.4.3 Weighted Gene Co-expression Network Analysis of Pi and Ctrl Diets 
For our dataset and chosen soft threshold power of 12, the 11,037 genes were 
refined into 10 distinct gene modules in the Pi group whereas 13 distinct gene modules 
were found in the Ctrl group. Using each module’s eigengene value — defined as the 
module’s first principle component — as a representation of the genetic expression, each 
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diet’s gene modules were correlated with their respective diet’s 16 phenotype trait data. 
Observed in both the Ctrl and Pi were multiple modules that were strongly correlated 
either positively or negatively with the structural traits of callus mineralized volume 
fraction (BV/TV), tissue mineral density (TMD), and standard deviation of mineral 
density (TMD. SD). The transcriptomic data from these strongly correlated gene groups 
were uploaded into Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Redwood City, 
CA, USA, version 1-07) in order to understand their specific biological functions. The 
top canonical pathways, upstream molecules, and disease & functions were analyzed and 
interpreted.  
2.4.4 Weighted Gene Co-expression Network Analysis – Test against Randomness 
One issue with the current application of WGCNA to our dataset — summarized in 
schematic presented in figure 10 — is that since genetic and phenotype sample cannot be 
obtained from the same mice due to the destructive nature of the surgery, random 
matching between genetic and phenotype data was employed to circumvent this problem. 
Because of this random matching, however, it is possible that these strong correlations 
may be a product of randomness rather than a signal of true biological function. To 
reinforce the results in light of the random match, a random test was performed. 
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Figure 10 – Arbitrary Randomization of Data for Random Test: above is the schematic 
for a true randomization required for the random test genetic data are randomly matched 
to the same strain phenotype data of any possible day. The scrambled gene-phenotype 
match will be analyzed by WGCNA to confirm that purely random matching do not have 
significant correlations 
 
 Unlike appropriately-matched WGCNA, which randomly matched the genetic 
and phenotypic data only if the mice came from the exact same condition (POD, diet, 
strain), the random test’s arbitrarily matched genetic and phenotypic data regardless of 
post-operative days. This true random match of data was then analyzed with WGCNA. 
Should significant correlations appear in this arbitrary match, then our previous proper 
results were likely to be a result of random error. On the contrary, if no significant 
correlations appear, then it suggests that our previous results are unlikely to be the 
product of randomness and instead have a real biological basis. 
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2.5.1 Polynomial Cluster Analysis - Computation 
In order to assess the microarray transcriptomic data of the 11,037 genes from 2.3 
in context of temporal changes in healing as associated with diet or strain, we used a 
Polynomial Cluster Analysis (SAS 9.4, Inc., Cary, NC) with post-processing done in 
(custom script, Matlab 7.12 (R2011a), The Mathworks, Natick, MA). Whereas pooling 
data across time into one group was required in WGCNA, polynomial clustering 
specifically aims to cluster genes together into groups based on similar temporal 
expressions between post—operative days 3 to 35. Polynomial cluster analysis was 
performed for the AJ, B6, C3 separately and also a pooled strain dataset — which pooled 
data from all three strains together.  
 For each gene in the microarray data, the script first computed the polynomial 
equation that best fits the gene’s expression profile over time. Then the script combined 
genes with similar polynomial equations into a cluster. In this experiment, the final 
numbers of clusters for both diets were around 40.  
 Next, cluster pairs were then formed from all the unique intersections of one Ctrl 
cluster with another Pi cluster. If for example, cluster pair (1,2) is the intersection of Ctrl 
cluster 1 and Pi cluster 2, it is therefore that all genes displayed in cluster pair (1,2) are 
only those genes that were sorted into cluster 1 in the Ctrl diet but were sorted into cluster 
2 in the Pi diet. All cluster pairs at or above a minimum cut-off of 10 genes were included 
for further analysis and were graphed out in a line plot. 
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Figure 11 – Cluster Pair Example: This is an example of a cluster pair in the pooled 
strain dataset. The 25 genes in this cluster pair are genes that are in Pi cluster 2 under Pi 
diet and are in Ctrl cluster 104 under Ctrl diet. Their individual temporal expression 
under Pi diet is represented by the red (D1) lines; their individual temporal expressions 
under Ctrl diet are represented by the blue (D0) lines. All cluster pairs with more than 10 
genes such as in figure are included for manual categorization. 
 
2.5.2 Polynomial Cluster Analysis – Manual Consolidation of the Clusters 
 For this experiment, polynomial clustering primary aims to group genes with 
similar expression profiles. However, a group of genes with a similar overall pattern can 
possibly be separated into different clusters because of amplitude or range differences. 
Because this experiment’s interest lies in grouping based only on similar temporal 
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expression patterns, cluster pairs were categorized manually into larger cluster groups — 
defined as all genes with a similar temporal pattern regardless of amplitude or range 
differences. The manual consolidation process was structured such that any cluster pairs 
with mathematical equations under the same order and either positive or negative leading 
coefficients were grouped together.  
 
 
Figure 12 – Manual Condensing Example (A). Cluster Pair (104,312) (B). Cluster Pair 
(104, 313): Nomenclature of cluster pair as follows: (104,312) is the specific pair of Pi 
and Ctrl clusters; the former 104 starts with 1 and hence is a linear equation, 04 means it 
is the cluster #04 in Pi; the latter 312 starts with 3 and hence is a third order equation 
and is cluster #12 in the Pi. The first digit signifies equation order whereas last two digits 
display the cluster #. Despite similar patterns, amplitude or range differences caused 
polynomial clustering to separate these two patterns into distinct clusters (312 and 313 
are different Ctrl clusters). Manual condensing would combine these two cluster pairs 
together to form the bigger cluster group D. Cluster groups are named alphabetically in 
the order they condensed. 
 
This was a very coarse and simple grouping method used and should be investigator 
independent. The final number of cluster groups ranged from 20 to 40 depending on the 
strain dataset. There were noted instances where similar clusters were categorized as 
separate cluster groups (such as very large peak differences at a single time point as 
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observed in Figure 13) and where different clusters were categorized into the same 
cluster groups due to indistinguishable differences. In one such instance, for example, 
two “different” cluster groups of 3rd and 4th power cluster pairs were manually combined 
because they were visually indistinct from each other.  
 
 
Figure 13 – Cluster Group Differentiation (A). Cluster group AF (B). Cluster group 
AC: Though their Pi and Ctrl share the same power (4
th
 power positive equation and 2
nd
 
power negative equation respectively), they were differentiated into different groups 
because of a significant difference in d28 expression. Such choices show that some 
exceptions to the pure power equation based condensation that were reasonable only by 
case-by-case basis 
 
2.5.3 Polynomial Cluster Analysis – IPA 
 After finalizing the manual categorization, each cluster group was cross-
referenced back to the microarray data in order to: (1) identify the genes contained in 
each cluster group, and (2) prepare the transcriptomic data for ontology assessments 
using IPA by averaging expression across the 3 samples at each time point. 
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 The processed data were then uploaded onto IPA where each time point was 
assigned as a separate “observation” — with a total of 18 observations (9 time points for 
2 diets). A comparative analysis in IPA was done for 18 observations per cluster group. 
Bone-healing factors were respectively identified and examined for all cluster groups in 
the AJ, B6, C3, and pooled database. Biological functions related to bone, cartilage, or 
vasculature ontologies were specifically examined and relevant genes of statistical 
significance (p-value < 0.05 and Z-score greater than 1 or less than -1) were extracted and 
categorized into its corresponding cluster groups for the AJ, B6, and C3 strains.  
 
2.5.4 Polynomial Cluster Analysis – Relational Matrix 
 In order to understand the strain-specific effect of phosphate deficient diet on 
impaired bone repair, we need to track how specific gene expressions (Pi and Ctrl) differ 
between the AJ, B6, and C3 strains. A relational matrix, as described in (Carroll, 2016), 
was used to parse out the strain effect. In Section 2.5.3, each biologically relevant and 
statistically significant gene extracted from IPA, along with their given cluster group, 
were compared among the three strains of mice. Genes that were only significant in only 
one strain or only in the pooled strain analysis were excluded from the relational matrix 
analysis. A total of 176 bone genes, 51 cartilage genes, and 433 vasculature genes were 
individually analyzed.  
 A relational matrix examines the relationship of each gene to every other gene 
under consideration; a gene that is expressed in the same cluster as another gene in the AJ 
strain, for instance, will have “1” assigned in their corresponding coordinate. Conversely, 
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genes that do not share similar expression pattern will be assigned “0”. Using Table 3 as 
a conceptual example, it can be observed that Gene B and C express the same genetic 
profile in this certain strain and therefore are assigned “1” in this matrix. 
 Gene A Gene B Gene C Gene D Gene E 
Gene A 1 0 0 1 0 
Gene B 0 1 1 0 0 
Gene C 0 1 1 0 0 
Gene D 1 0 0 1 0 
Gene E 0 0 0 0 1 
 
Table 3 – Basic Schematic of Relational Matrix: This is a conceptual example showing 
a basic relational matrix of five genes (A, B, C, D, and E) in a certain strain. Each gene 
moves exactly the same as itself and therefore is always assigned “1”. Gene B and C 
actually also express the same genetic expression in this certain strain and thus are also 
assigned “1”. Similarly, Gene A shares similar expressions with Gene D as well. Gene E 
shares no similar gene expression profile to any other gene in this certain strain and thus 
have “0” assigned to its relationship with other genes.  
Genes that Track Together Across all Three Strains 
 The AJ, B6 and C3 relational matrices are summed to determine genes that 
clustered together in all three strains. Any genes that have a summed relational matrix 
value of “3” anywhere were categorized as “track together genes”.  These genes always 
cluster together with other genes regardless of strain. These genes were graphed based on 
the cluster they belonged to and their temporal expressions were interpreted based on the 
exact gene’s biological function in the context of bone fracture repair.  
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Pairwise Comparison 
 Of the genes that do not track together, all genes with a relational matrix value of 
“2” anywhere were analyzed next. A value of “2” means that this gene always clusters 
together in 2 strains but not in the last strain with some other genes. This relationship is 
referred to as a “pairwise” relationship between strains. AJ/B6, AJ/C3, and B6/C3 
pairwise genes are not mutually exclusive, a gene can cluster together with another gene 
in AJ and B6 only, but can also cluster together with a third gene in AJ and C3 only. 
Previous studies (Carroll, 2016) and our results show that there is more AJ/C3 pairwise 
relationship than genes that showed paired expressions between AJ or C3 with B6. We, 
therefore, have chosen to graph the AJ/C3 pairwise genes first. The genes were graphed 
in the following sequence: (1) of the genes that do not “track together”, AJ/C3 pairwise 
genes were graphed (2) of the remaining genes, AJ/B6 pairwise genes were graphed (3) 
of the still remaining genes, B6/C3 pairwise genes were graphed (4) The leftover genes 
that do not cluster together with any other genes in any strains are graphed individually. 
These graphs and their temporal gene expressions are interpreted in the same way as the 
“track together” genes. 
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Figure 14 – Schematic of Relational Matrix Plotting Process: This is the sequence of 
which genes were plotted and categorized. The first step (1) is to categorize all genes that 
track together across all three strains. From the remainder genes, pairwise relationships 
were analyzed. Notice that the three pairwise relationships are not mutually exclusive for 
a gene (Gene A can be AJ/C3 Pairwise with Gene B but AJ/B6 Pairwise with Gene C). To 
reduce duplicity, (2) AJ/C3 Pairwise genes were analyzed first. Then from the remainder 
(3) AJ/B6 Pairwise genes were analyzed second. Then the final remainder genes (4) 
B6/C3 Pairwise genes were analyzed third. (5) leftover genes that do not have any 
relationship with any other genes in any of the three strains are analyzed last. 
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3. RESULTS 
3.1.1 WGCNA – Transcriptome - Phenotype Correlations 
A consistent trend from the correlation grids of these appropriately time-matched 
WGCNA — as highlighted in figure 15 for one of these appropriately randomized 
combinations — is the presentation of groups of modules, in both Pi and Ctrl diet, that 
are either strongly positively or negatively correlated with the structural traits of the bone. 
Four bigger groups that are conglomerated from these strongly correlated modules are 
defined as follows: all gene modules that are found in the Ctrl diet and are strongly and 
significantly negatively correlated with above structural traits (Ctrl ⊖), all gene modules 
that are found in the Ctrl diet and are strongly and significantly positively correlated with 
above structural traits (Ctrl ⊕), all gene modules that are found in the Pi diet and are 
strongly and significantly negatively correlated with above structural traits (Pi ⊖), and 
all gene modules that are found in the Pi diet and are strongly and significantly positively 
correlated with above structural traits (Pi ⊕). 
As observed from figure 15 —  and figure 16 and 17,  which are full WGCNA 
correlation grids of both diets from another appropriately time-match combination —  
strong and significant positive and negative correlations were found for the structural 
traits for both the Ctrl and Pi diet groups. Significant correlations were also seen in the 
biomechanical traits. However, the correlations with the structural traits were the 
strongest and most consistent between the diets — and hence investigated further. 
Among the 11,037 genes inputted into WGCNA, both diets have slightly over 10,000 
genes that belonged to a module significantly correlated with the four structural traits 
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(BV/TV, TMD, TMD.sd, BMD) — as seen in table 4. To understand the biology behind 
these strong correlations among such a high percentage of genes, these modules were first 
categorized into the groups Ctrl ⊖, Ctrl ⊕, Pi ⊖, Pi ⊕ based on diet and positive or 
negative correlations as previously detailed. Each groups’ genetic expressions — pooled 
across strain and time (POD 14, 21, 35) — were analyzed by IPA to understand their 
biological function.  
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Figure 15 – WGCNA Module Eigengene vs Phenotypic Trait Correlation Grid (A) Ctrl 
and (B) Pi: Red represents positive correlation whereas green represents a negative 
correlation. The deeper the color, the stronger the correlation between module eigengene 
and the phenotype trait. Consistent areas of high correlations (both negative and 
positive) are boxed and grouped together as either Ctrl ⊖, Ctrl ⊕, Pi ⊖, or Pi ⊕ 
groups for IPA analysis. 
 Ctrl ⊖ Ctrl ⊕ Pi ⊖ Pi ⊕ 
Total Genes 5220 5400 5069 5282 
 
Table 4 – WGCNA Groups for IPA: Table shows the 4 different groups chosen based on 
the diet and the positive or negative correlations shown towards μCT traits of BV/TV, 
TMD, and TMD. SD. Contained modules and total genes in the groups are listed. Note 
that Ctrl and Pi have distinct modules, i.e. the Pi Brown module shares no special 
relationship with the Ctrl Brown module other than a common naming convention. 
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Figure 16 – Pi diet Eigengene vs Phenotypic Trait Correlation Grid: This grid shows the pooled-strains Pi diet correlations 
between the genetic modules (represented by module eigengenes) and phenotype traits. A green grid represents a negative 
correlation whereas a red grid represents a positive correlation. The depth of grid color shows the strength of correlation. 
Numbers in parenthesis in each grid are the fisher P-value for the correlation. 
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Figure 17 – Ctrl diet Eigengene vs Phenotypic Trait Correlation Grid: This grid shows the pooled-strains Ctrl diet 
correlations between the genetic modules (represented by module eigengenes) and phenotype traits. A green grid represents a 
negative correlation whereas a red grid represents a positive correlation. The depth of grid color shows the strength of 
correlation. Numbers in parenthesis in each grid are the fisher P-value for the correlation
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3.1.2 WGCNA – Biology of the Structural Trait-Significant Groups 
 When observing the biology of the Ctrl ⊖, Ctrl ⊕, Pi ⊖, Pi ⊕ - and indeed in 
subsequent polynomial analysis — an emphasis is placed on identifying the canonical 
pathways, disease & functions, and molecules that relate to bones, cartilage, and 
vasculature. These are the three best characterized factors critical to the process of 
secondary bone fracture repair. Additionally, all upstream molecules related to HIF-1α 
were also scrutinized as well because of its known effect on the metabolism of the 
healing bone (Carroll, 2016). A more detailed list can be found in table 5 and 6 below. 
 In general, the Ctrl ⊕ and Pi ⊕ have no direct bone or cartilage functions but do 
contain many immune functions. Though no macroscopic cartilage functions were found 
in Ctrl ⊕, many specific molecules related to cartilage were found to be significant in the 
Ctrl ⊕. Under the Pi diet, many of these corresponding molecules were missing from the 
Pi ⊕ but were now present in the Pi ⊖ group. On the contrary, the Ctrl ⊖ and Pi ⊖ 
groups have direct bone- and cartilage-related functions such as bone mineralization and 
osteoblast differentiation. Compared to Ctrl ⊖ though, Pi ⊖ have more of these bone 
functions activated. Finally, regarding the important vasculature functions crucial to bone 
healing, angiogenesis has been found in all 4 groups but vasculogenesis, on the other 
hand, was only found in the Ctrl ⊕ and Pi ⊕ groups.  
 The overall interpretations of these major functions in the 4 groups is as follows: 
(1) many immune functions for both diets were categorized into groups of genes whose 
expressions were positively correlated with greater structural mineralization of the bone; 
(2) cartilage functions were categorized into gene groups negatively correlated with 
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structural mineralization of the bone. Cartilage molecules behaved differently however 
and moved from a positively correlated gene group to a negatively correlated gene group 
when switching from the Ctrl to the Pi diet; (3) bone-related functions were categorized 
into gene groups with expressions negatively correlated with structural mineralization of 
the bone and that more of these bone-related genes and functions were found to be 
significant in the Pi diet compared to the Ctrl diet; and (4) angiogenesis genes were 
categorized into either a positively correlated group or a negative group, but 
vasculogenesis genes were only categorized into genes positively correlated with 
structural mineralization of the bone.  
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Table 5 – Extract from Significant IPA Disease & Function in the WGCNA data: 
Above table is a part of the IPA summary of the significant disease & functions found in 
WGCNA’s Ctrl ⊖, Ctrl ⊕, Pi ⊖, Pi ⊕ groups– which are genes that are strongly 
correlated with structural traits such as BMD and TMD. Highlighted disease and 
functions are bone, cartilage, or vasculature related. Numbers in each column denotes 
the number of functions found to belong to the general group. If the number is colored 
red, it means that these functions had a significant positive Z-score; if the number is 
colored green, it means that these functions had a significant negative Z-score. 
  Diseases and Functions Ctrl + Ctrl - Pi + Pi - 
Blood 
Angiogenesis 1 1 1 1 
Vasculogenesis & Vascularization   2 
 
3 
Endothelial cell migration   
  
1 
Bone 
 
Osteoblast Differentiation / Bone 
mineralization 
  2   2 
BMD, Mineralization of CT, 
Differentiation of Bone 
cells/Bone/Osteoblastic-lineage cells 
  
  
5 
abnormal bone density   1 
 
1 
bone deformity, dysplasia of skeleton       2 
Immune 
Inflammation, Bacterial Infection 2       
Leukocyte Homeostasis, Viral Infection 3 
  
  
General Immune, Infections (Viral) 19 
 
19   
Immune Cell Movement     4   
Cartilage 
Cartilage Development   1   1 
Chondrocytes Related   2   1 
  
4
7
 
 
Table 6 – Extract from Significant IPA Upstream Molecules in the WGCNA data: Above table is a part of the IPA summary 
of the significant upstream molecule found in WGCNA’s Ctrl ⊖, Ctrl ⊕, Pi ⊖, Pi ⊕ groups – which are genes that are 
strongly correlated with structural traits such as BMD and TMD. Cartilage upstream molecules were found to be in the 
positive group in the Ctrl diet but many switched to the negative group in the Pi Diet.  
  Upstream Molecules Molecule Name 
Ctrl 
+ 
Ctrl 
- 
Pi 
+ 
Pi 
- 
Cartilage 
/Collagen 
COMP cartilage oligomeric matrix protein  
   
CHAD chondroadherin  
   
PCOLCE2 
procollagen C-endopeptidase 
enhancer 2 
 
  
 
COL10A1 collagen type X alpha 1  
  
 
CTHRC1 
collagen triple helix repeat 
containing 1  
 
 
 
Aggrecan/H.A. 
Acan aggrecan  
  
 
CEMIP 
cell migration-inducing hyaluronan 
binding protein  
 
 
 
Remodeling 
MMP16 matrix metallopeptidase 16 
 
 
 
 
TIMP1 TIMP metallopeptidase inhibitor 1 
 
 
 
 
Bone 
OSCAR 
osteoclast-associated, an 
immunoglobulin-like receptor  
 
 
 
MINOS1-NBL1/NBL1 
neuroblastoma 1, DAN family 
BMP antagonist   
 
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3.1.3 WGCNA – Results from the Test again Randomness 
The WGCNA correlation grid results from this random test for the Ctrl and Pi diet 
are shown in figures 18 and 19 respectively. As seen from the figures, the strength and 
significance of the correlations are considerably weaker compared to an appropriate 
match of genetic and phenotype data with regards to corresponding time points as seen in 
figures 16 and 17. To ensure that the result of this random test is reproducible, another 
unique set of randomly matched genetic and phenotype data was also analyzed by 
WGCNA. The resulting correlation grids were similar to figure 18 and 19 and thus are 
not included in this paper.  
From the results of these 2 random tests, it shows that when the genetic and 
phenotype data are arbitrarily matched with no regards to the time points, correlations are 
weak and insignificant. Conversely, when genetic and phenotype data are randomly 
matched with regard to corresponding time points in a sensible manner, correlations 
become strong and significant.  
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Figure 18  – Random Test Pi diet Eigengene vs Phenotypic Trait Correlation Grid: This grid shows the pooled-strains Ctrl 
diet correlations between the genetic modules (represented by module eigengenes) and phenotype traits based on the purely 
random matching of genetic and phenotype data as described in Figure 8. Green grids represent negative correlations; red 
grids represent positive correlations. Depth color shows the correlation strength. This randomized match has much weaker 
correlations compared to previous proper matches.  
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Figure 19 – Random Test Ctrl diet Eigengene vs Phenotypic Trait Correlation Grid: This grid shows the pooled-strains Pi 
diet correlations between the genetic modules (represented by module eigengenes) and phenotype traits based on the purely 
random matching of genetic and phenotype data as described in Figure 8. Green grids represent negative correlations; red 
grids represent positive correlations. Depth color shows the correlation strength. This randomized match has much weaker 
correlations compared to previous proper matches.
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3.2.1 Polynomial Clustering – From Cluster Pairs to Cluster Groups. 
 WGCNA Polynomial Clustering 
Total Number of Genes Inputted 11,307 11,307 
Total Number of Diet Clusters 
(Gene Modules) 
13 (Ctrl) 
10 (Pi) 
43 (Pi) / 39 (Ctrl) (Pooled) 
43 (Pi) / 37 (Ctrl) (AJ) 
37 (Pi) / 28 (Ctrl) (B6) 
37 (Pi) / 37 (Ctrl) (C3) 
Total Number of Cluster Pairs N/A 90 (pooled) 
54 (AJ) 
46 (B6) 
46 (C3) 
Total Number of Cluster Groups  
(Consolidated Clusters) 
N/A 36 (pooled) 
33 (AJ) 
26 (B6) 
30 (C3) 
 
Table 7 – Clustering Process for WGCNA and Polynomial Clustering: Shows the initial 
input into both WGCNA (for Pi and Ctrl diets) and Polynomial Clustering (For AJ, B6, 
and C3 strains) in addition to the intermediate and final cluster count for both methods. 
 
The custom polynomial clustering method produced 90, 54, 46, and 46 “cluster 
pairs” for the pooled, AJ, B6 and C3 gene expression data respectively. Each cluster pair 
contains a group of genes that share the same Pi and Ctrl gene expression. Cluster pairs 
were manually condensed in a simple manner that was generally investigator 
independent. In the end, these cluster pairs were condensed into 36, 33, 26, and 30 
distinct “cluster groups” for the pooled, AJ, B6, and C3 data respectively. A summary of 
these results can be seen in Table 7. 
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3.2.2 Polynomial Clustering – Biologically Significant Cluster Groups 
Analysis of Pooled Strain Clusters 
 The pooled strain data looked at biological functions that are still present after AJ, 
B6, and C3 genetic expressions have been pooled together. Though not useful in 
determining strain differences in the Pi diet effect, the pooled data can still inform us of 
strong biological functions of bone healing that are conserved among strains even after 
pooling. Of the 36 cluster groups in the pooled strains data, 14 cluster groups were found 
with significant bone, cartilage, or vasculature functions. 5 cluster groups out of the 14 
have unchanged Pi and Ctrl gene expressions. 9 cluster groups out of the 14 have 
significantly different Pi and Ctrl gene expressions over time.  
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Figure 20 – Total Cluster Pairs from the C3 strain: An example of the total 46 cluster pairs initially outputted by the custom 
polynomial clustering method. Each blue line is the temporal expression of one gene under the Ctrl diet while each red line is 
the temporal expression of one gene under the Pi diet. 
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Figure 21 – Total Cluster Groups from the C3 Strain: an example of the 30 cluster groups formed after condensation. The 
blue line is the averaged Ctrl gene expression and the red lines are the averaged Pi gene expression. After condensation, each 
cluster groups have a distinct temporal expression profile that is unique and does not overlap with other cluster groups.  
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Notable genes found in cluster groups with same Pi and Ctrl gene expressions include 
bone morphogenic protein 2 (BMP2) and aggrecan (ACAN) from cluster group W and 
Sry-related HMG box gene 5 and 9 (SOX5 and SOX9) from cluster group AE. These are 
just some examples of the many genes that appear. Analysis of specific gene’s 
expressions across strains will be addressed in the following section. 
 
Analysis of Individual Strain Clusters 
 In the AJ strain, 15 out of 33 cluster groups were found to be significant for bone, 
cartilage, or vasculature functions. 6 of these cluster groups have genes unchanged 
between diets and 9 of these cluster groups have genes that are expressed with a 
significant difference between the Pi and Ctrl diet. The B6 strain has 10 out of 26 cluster 
groups that were found to be significant for bone, cartilage, or vasculature functions. 
Three cluster groups have unchanged gene expression between diets and 7 cluster groups 
have different expression between diets. SOX5 and HIF-1α were found in the unchanged 
cluster groups. Finally, the C3 strain has 16 out of 30 cluster groups significant for bone, 
cartilage or vascular functions. Seven of these cluster groups have unchanged gene 
expression between diets and 9 cluster groups have different gene expression between 
diets.  
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Figure 22 – Cluster Groups L, X, W, and AE from Pooled Strain: Figure shows four 
pooled strain cluster groups. The red lines represent average Pi gene expression in the 
cluster group; blue line represents average Ctrl gene expression in the cluster group. (A) 
is cluster L, (B) is cluster X; these genes have different Pi and Ctrl gene expressions. (C) 
is cluster W, (D) is cluster AE; these genes have unchanged Pi and Ctrl gene expression. 
Notable genes that appear in cluster groups with different gene expressions include: 
hypoxia inducible factor 1α (HIF-1α) in cluster group X, type 1 collagen alpha 1 
(COL1A1) and type 1 collagen alpha 2 (COL1A2) in cluster group L.  
3.2.3 Polynomial Clustering – Strain-specific Analysis 
 Identifying “cluster groups” with significant bone healing functions along with 
the genes contained within them in 3.2.2 was useful in determining what genes were 
sensitive to the diet perturbation. Yet, the remaining genes are still too numerous to parse 
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out their concerted effect without further results to present the specific genes most 
affected by the Pi diet. Summing the relational matrices of AJ, B6, and C3 allows us to 
look at the exact genes that are the most strikingly affected by the Pi diet and how those 
effects vary between diets in direct comparison. A simplified summary of the following 
detailed description can be found in section 3.4.4. Note that while cluster groups were 
named alphabetically in the previous sections to avoid confusion from diet clusters, 
“cluster sets” from relational matrix analysis are represented numerically. A cluster set of 
[1,23,30] means that it came from cluster group A (or 1) in AJ, cluster group W (or 23) in 
B6, and cluster group AD (or 30) in C3. The numbers in the following sections 
correspond to the alphabetical cluster groups and are simply another way to represent it. 
 
A. Bone Genes 
i. Track Together 
 Genes were found to cluster together in 10 unique patterns across all strains. HIF-
1α gene expression was found to be decreasing linearly regarding of diet and strain. In 
“cluster set” [23, 11, 20] (i.e. genes cluster in one pattern; the numbers correspond to the 
respective cluster group in each strain), Runt-related transcription factor 2 (RUNX2) was 
unaffected by the Pi diet in the AJ and C3 strains but displayed a delayed peak expression 
in the B6 strain. Associated with hypertrophic chondrocytes, Indian hedgehog homolog 
(IHH) in [24, 20, 26] was unaffected by the Pi diet in the B6 and C3 strains but showed a 
decreased peak expression at day 10 — during endochondral ossification — in the AJ 
strain.   
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Figure 23 – Cluster Set [2,3,3] Containing  HIF-1α  Gene: Cluster set [2,3,3] indicates that these 
genes belong to cluster 2 (or B) in AJ, cluster 3 (or C) in B6, and cluster 3 (or C) in C3. Each blue 
line is a gene’s Ctrl gene expression while each red line is a gene’s Pi gene expression. From left to 
right, gene expression in AJ, gene expression in B6, and gene expression in C3 are plotted. HIF-1α is 
one of the genes included in this cluster set and as seen in above figure, all genes in this cluster set 
have the same temporal pattern regardless of diet or strain effects. 
 
Figure 24– Cluster Set [23,11,20] Containing RUNX2 Gene: (A) Figure shown in the same format as 
Figure 22. As shown, AJ and C3 are unaffected by diet but B6’s Pi gene expressions show a delayed 
peak happening relative to Ctrl. (B) is an alternate presentation to present each gene as a single 
color. * represent Pi gene expression and o represents the Ctrl expression. Here RUNX2, labeled as 
the green line, is clear distinguishable from the other genes. The delayed peak in B6 is also confirmed 
via this alternative color graph. 
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Figure 25 – Cluster Set [24,20,26] Containing IHH Gene: (A) shown in the exact 
format as described in figure XX. As shown above, B6 and C3 strains are unaffected by 
diet but AJ’s Pi seems to have a weaker peak. (B) shown in the exact format as described 
in figure 24, IHH is represented by the blue line in this graph. The reduced amplitude for 
the two blue lines can be clearly seen in the first graph from the left (the AJ) in (B).  
In cluster set [16,11,11] two genes, Osteoclast-associated immunoglobulin-like 
receptor (OSCAR) and Mothers against decapentaplegic homologs 6 (SMAD6), are 
sensitive to the phosphate deficiency (Pi-sensitive) in all strains. OSCAR is a significant 
regulator of osteoclast differentiation and SMAD6 is a regulator of BMP signaling. 
However, they are sensitive in different manners. B6 and C3 both displayed a delayed 
peak in the Pi expression for both genes. But instead of a delayed peak, the AJ strain has 
a diminished peak for the Pi expressions of both genes. Lastly, the gene Phosphate-
regulating neutral endopeptidase, X-linked (PHEX) found in cluster set [32,11,11] also 
has a similar pattern as OSCAR and SMAD6. PHEX was found to be Pi-sensitive in the 
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B6 and C3, both with a delayed peak Pi expression. Again, PHEX acted differently in the 
AJ strain where the gene was Pi-insensitive. 
 
Figure 26 – Cluster Set [16,11,11] containing genes OSCAR and SMAD6: The blue 
lines represent SMAD and green lines OSCAR. Both genes are Pi-sensitive in all strains 
but while B6 and C3 have a delayed peak in the PI expression, the AJ strain has no delay 
but rather a diminished peak Pi expression. 
 
 
 
Figure 27 – Cluster Set [32,11,11] containing the PHEX gene: PHEX gene expression 
is represented by the green line. B6 and C3 strain show Pi-sensitivity through the delayed 
peak Pi expression of the PHEX gene. AJ strain show no sensitivity towards the Pi diet as 
Pi and Ctrl expression are roughly similar 
 
i. AJ/C3 Pairwise 
 A total of 36 “cluster sets” were characterized for the AJ/C3 pairwise for the bone 
genes. Growth factors crucial to the process of bone repair, Insulin-like growth factor 1 
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and 2 (IGF-1 and IGF-2), in cluster sets [6,x,3] and [6,x,26] — with the x denoting that 
we are currently uninterested in gene cluster groups from B6 — respectively, are both 
unaffected by the Pi diet in the C3 strain but is affected and differently expressed in the 
AJ strain. IGF-1 is differently expressed in the Pi group for the B6 strain, but IGF-2 
expressions in B6 only seems to be mildly affected by Pi diet. Pleiotrophin (PTN), found 
also in cluster set [6,x,3] was also noteworthy as it is only unaffected by the Pi diet in the 
C3 strains and is affected in the AJ and B6 strains. The Pi and Ctrl expression differences 
in the AJ and B6 for the PTN gene are similar to the differences seen in IGF-1. 
 
Figure 28 – IGF-1 and PTN in Cluster Set [6,x,3] and IGF-2 in Cluster Set [6,x,26]: 
(A) is cluster set [6,x,3] (i.e. genes here belong to cluster 6 (or F) in AJ and cluster 3 (or 
C) in C3, the x denotes that B6 is not of current interest). IGF-1 is the green line and 
PTN is the blue line. Note that Pi does not affect C3 but does affect both genes in AJ and 
B6 is a similar fashion. (B) is cluster set [6,x,26]. IGF-2 is the black line and shows that 
C3 is unaffected by Pi while AJ most certainly is. Pi’s effect on B6’s IGF-2 is noticeable 
but not strong.  
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Cluster set [21,x,4] displayed in an interesting pattern where the Pi and Ctrl gene 
expression patterns “flipped” between the AJ and C3 strain. Whereas in the C3, Pi genes 
were expressed in a linearly decreasing fashion and Ctrl gene expressions follow a 2
nd
  
order quadratic equation, it is the opposite in the AJ strain where the Pi genes are now 
expressed with a 2
nd
 order equation and Ctrl genes expressed in a linearly decreasing 
fashion. The five genes in this cluster set are bone morphogenic receptor type 1A 
(BMPR1A), connective tissue growth factor (CTGF), epidermal growth factor (EGFR), 
 
Figure 29 – Cluster Set [21,x,4] with “flipped” AJ and C3 expressions: Figure shows 
how AJ (1st from left) has flipped Pi and Ctrl gene expressions compared to C3 (3rd from 
left). 
 
Figure 30 – Cluster Set [24,x,26] with SOX9 Gene: Figure shows the Pi (red) and Ctrl 
(blue) differences in the AJ only and not the B6 and C3. Graphs show that SOX9 is Pi 
sensitive only in the AJ strain but not in the B6 and C3 strains. 
 
 63 
 Myocyte-specific enhancer factor 2C (MEF2C), and matrix gla protein (MGP). Finally, 
Sox9 — important in chondrocyte differentiation — found in cluster set [24,x,26] is 
shown to be sensitive to the Pi diet with a reduced peak expression in the AJ strain only.  
Sox9 is Pi-insensitive for the B6 and C3.   
 
Figure 31 – Cluster Set [21,3,x] with SMAD3 gene: Figure shows the Pi (red) and Ctrl 
(blue) differences in the AJ only and not the B6 and C3. Graphs show that SMAD3 is Pi 
sensitive only in the AJ strain but not in the B6 and C3 strains.  
 
 
 
Figure 32 – Cluster Set [23,5,x] with BMP2 gene: Figure shows the Pi (red) and Ctrl 
(blue) differences in the B6 only and not in the AJ and C3. While AJ and C3 are 
unaffected by the Pi diet, their temporal profiles are distinct from each other. 
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iii. AJ/B6 Pairwise 
From the remaining genes, 9 cluster sets were characterized for the AJ/B6 pairwise. 
SMAD family member 3 (SMAD3) found in cluster set [21,3,x] showed that AJ is the 
most sensitive and affected by Pi diet whereas B6 and C3 are unaffected by the Pi diet. 
BMP2 was the only gene in cluster set [23,5,x] and figure 32 shows that each strain’s 
expression is different. AJ and C3 appear to have similar Pi and Ctrl expressions,  
albeit each strain’s temporal profiles are distinctly different from each other. The B6 
strain, unlike the other two strains, is affected by the Pi diet. Parathyroid hormone 1 
receptor (PTH1R) was also found in cluster set [24,20,x] and its Pi and Ctrl gene 
expression were the same regardless of strain.  After analysis of the AJ/B6 pairwise, 
remaining genes are checked for B6/C3 pairwise relationships. Only one cluster set was 
characterized as B6/C3 pairwise in the bone genes. This cluster set and the remaining 
genes not categorized into any pairwise relationships had no notable genes and patterns. 
 
Figure 33 – Cluster Set [24,3,x] with WNT5A gene: The blue line represents the WNT5A 
gene expression. Only AJ shows a difference between the Pi and the Ctrl with a 
diminished peak around day 7-10. B6 and C3 are unaffected by the Pi diet and their base 
pattern of expression is markedly different than AJ’s Ctrl expression. 
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Figure 34 – Cluster Set [x,11,11] with BMP1 gene: BMP1 gene is represented by a 
black line. As seen in B6 and C3, the Pi in both has a delayed peak in response to the Pi 
diet. AJ expressions are not included because BMP1 was not found to be significant in 
IPA to be included in this relational matrix step.  
 
B. Cartilage Genes 
 In the same sequence as above, there were 4, 4, 4, and 6 cluster sets for track 
together genes, AJ/C3 pairwise, AJ/B6 pairwise, and B6/C3 pairwise respectively. Many 
cartilage genes actually overlap with the bone gene set and therefore many notable genes 
have already been mentioned previously. Two unique genes appearing in the cartilage 
gene set is WNT5A, from the AJ/B6 pairwise cluster set [24,3,x], and bone morphogenic 
protein 1 (BMP1) from B6/C3 pairwise cluster set [x,11,20]. WNT5A is only sensitive to 
the Pi diet in the AJ strain and presents itself as a diminished peak in the Pi during the 
early peak. WNT5A in B6 and C3 are both linear expressions. BMP1 were both affected 
in the B6 and C3 in the form of a delayed peak relative to Ctrl. BMP1 did not meet the 
significance criteria for IPA analysis in the AJ strain to be included in the relational 
matrix. 
  
 66 
C. Vasculature Genes 
 Owing to the larger number of vasculature genes qualifying for relational matrix 
analysis, 45, 30, 24, and 21 cluster sets were characterized for the track together, AJ/C3 
pairwise, AJ/B6 pairwise, and B6/C3 pairwise respectively. These numbers of cluster sets 
found at each sequence were evidently greater than that found in the bone and cartilage 
gene sets. As with the case in the cartilage gene sets, many of the vasculature 
observations already occurred and described in previous gene sets. The following will be 
a description of notable genes  
 Track together cluster set [6,3,4] contains two osteogenesis related genes, Core-
binding factor subunit beta (CBFB) and maternally expressed gene 3 (MEG3), which 
have similar Pi-sensitive gene expression profiles in AJ and C3 but not in the B6. In the 
B6, it would appear that CBFB is Pi-sensitive with a great depression in Pi expression 
relative to Ctrl during endochondral ossification whereas MEG3 appears to be Pi-
insensitive. BMP binding endothelial regulator (BMPER), found in track together cluster 
set [13,4,13], is Pi-sensitive in the AJ and B6 strain but not in the C3 strain. In both AJ 
and B6, early BMPER expression — during the onset of endochondral ossification — is 
stronger in the Pi relative to Ctrl.  
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Figure 35 – Cluster set [6,3,4] with CBFB and MEG3 genes: CBFB gene is represented by the black 
line and MEG3 gene is represented by the green line. AJ and C3 have a similar diet effect on both 
genes. The B6’s overall profile is distinct and shows that CBFB does have a weaker expression under 
Pi diet but MEG3 remains unaffected by Pi diet 
 
Figure 36 – Cluster Set [13,4,13] with BMPER gene: BMPER gene is represented by the black line. 
AJ and B6 share a similar Pi-sensitive expression profile with the early Pi expression being higher 
than the Ctrl during endochondral ossification onset. C3’s BMPER is insensitive the Pi diet effect. 
 
 
Figure 37 – Cluster Set [21,3,3] with PECAM1 gene: Pi gene expressions are represented with the 
red lines and Ctrl gene expressions with the blue lines. AJ is the only strain that is Pi-sensitive with 
PECAM1. 
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Lastly in the track together, Platelet endothelial cell adhesion molecule (PECAM1 
also known as CD31), an osteoclast surface protein, was found in cluster set [24,3,3]. 
PECAM1 is only Pi-sensitive in the AJ strain where under Pi diet, Pi expression of 
PECAM1 overshoots Ctrl during early stages of the experiment and then undershooting 
Ctrl during later stages. 
 In the pairwise cluster sets, Mothers against decapentaplegic homologs 4,5, and 9 
(SMAD4, SMAD5, SMAD9) were found in cluster sets [23,10,x], [x,11,11], and 
[17,x,20] respectively. These genes all belong to Transforming growth factor beta (TGF-
β) family of regulators and are involved in signal modulation of BMP’s. SMAD 9 is 
found in an AJ/C3 pairwise cluster set and shows that all strains are all sensitive to Pi diet 
in a unique manner. B6 and C3 strains show more moderate differences between Pi and 
Ctrl gene expressions compared to the AJ, which displayed a large gene expression 
difference between the diets.  SMAD4 is found in an AJ/B6 pairwise cluster set and only 
B6 and C3 were found to be sensitive to the Pi diet. Between the B6 and the C3 however, 
the Pi and Ctrl temporal patterns seem to be “flipped”. B6’s Pi expression was higher 
order than Ctrl’s linear expression, but in C3, Pi expression is the linear expression with 
Ctrl being the higher order expression. This suggests that their baseline and response 
expression to Pi diet are distinctly unique between strains. SMAD5 is found in a B6/C3 
pairwise cluster set and was Pi-sensitive in the B6 and C3 strain while being insignificant 
and absent from relational matrix in the AJ strain. B6 and C3 share the same Pi temporal 
expression profile but they have different baseline Ctrl expressions in each strain.   
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Figure 38 – Cluster set [17,x, 20] with SMAD 9 Gene: SMAD 9 gene expression is represented by the 
blue line. Pi-sensitivity is seen in varying degrees in the strains but the AJ shows the most notable 
difference between the Pi and the Ctrl with the Ctrl expression being considerably stronger than its Pi 
counterpart. 
 
Figure 39 – Cluster set [23,10,x] with SMAD 4 gene: SMAD4 is the only gene in this pairwise cluster 
set. Red lines represent Pi expression while blue lines represent the Ctrl expression. Only B6 and C3 
are Pi-sensitive though their Ctrl and Pi expressions seemed to be “flipped” between the 2 strains. 
Ctrl gene expression is linear in B6 but not in C3 while Pi gene expression is non-linear in B6 but not 
in the C3. 
 
Figure 40 – Cluster set [x,10,11] with SMAD5 gene: SMAD 5 is represented by the black lines. 
SMAD5 was not found to be significant in the AJ. SMAD5 is Pi-sensitive in both B6 and C3. Both 
strains share the same Pi expression pattern but have different baseline Ctrl expression profiles under 
the Ctrl diet.
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 3.2.4 Polynomial Clustering – Strain-specific Analysis Summary 
 This section will be a simplified summary of all the genes discussed above. For 
each strain, Pi-sensitivity or Pi-insensitivity will be noted along with any distinct motifs 
in their expression profiles. For a detailed report of a specific gene’s expression, please 
refer to 3.2.3.  
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Table 8 – Summary of Noted Genes  
 AJ Strain B6 Strain C3 Strain 
HIF-1α Pi-Insensitive Pi-Insensitive Pi-Insensitive 
Runx2 Pi-Insensitive Pi-Sensitive 
Delayed Peak 
Pi-Insensitive 
IHH Pi-Sensitive 
Decreased Peak 
Pi-Insensitive Pi-Insensitive 
OSCAR Pi-Sensitive 
Decreased Peak 
Pi-Sensitive 
Delayed Peak 
Pi-Sensitive 
Delayed Peak 
SMAD6 Pi-Sensitive 
Decreased Peak 
Pi-Sensitive 
Delayed Peak 
Pi-Sensitive 
Delayed Peak 
PHEX Pi-Insensitive Pi-Sensitive 
Delayed Peak 
Pi-Sensitive 
Delayed Peak 
IGF-1 Pi-Sensitive Pi-Insensitive Pi-Insensitive 
IGF-2 Pi-Sensitive Pi-Sensitive Pi-Insensitive 
PTN Pi-Sensitive Pi-Sensitive Pi-Insensitive 
Sox9 Pi-Sensitive Pi-Insensitive Pi-Insensitive 
SMAD3 Pi-Sensitive Pi-Insensitive Pi-Insensitive 
BMP2 Pi-Insensitive Pi-Sensitive Pi-Insensitive 
PTH1R Pi-Insensitive Pi-Insensitive Pi-Insensitive 
WNT5A Pi-Sensitive Pi-Insensitive Pi-Insensitive 
BMP1 N/A Pi-Sensitive Pi-Sensitive 
CBFB Pi-Sensitive Pi-Sensitive Pi-Sensitive 
MEG3 Pi-Sensitive Pi-Insensitive Pi-Sensitive 
BMPER Pi-Sensitive Pi-Sensitive Pi-Insensitive 
PECAM1 Pi-Sensitive Pi-Insensitive Pi-Insensitive 
SMAD4 Pi-Insensitive Pi-Sensitive Pi-Sensitive 
SMAD5 N/A Pi-Sensitive Pi-Sensitive 
SMAD9 Pi-Sensitive Pi-Sensitive Pi-Sensitive 
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4. DISCUSSION 
4.1 Overview 
 The overall goal of these experiments was to observe the transcriptome and 
phenotypes of the healing femur fracture under different diet conditions (Pi or Ctrl) and 
strain conditions (AJ, B6, or C3). This experiment used two methods — WGCNA and 
the custom polynomial clustering method — to examine the healing process in mouse 
femora by identifying transcriptome-phenotype correlations and also the temporal gene 
expression patterns. WGCNA, as used in this experiment, cannot distinguish between 
time and strain effects but can correlate genes to bone phenotypes in different Pi and Ctrl 
diet conditions. Our findings generally show that there is a strong correlation found in 
both Pi and Ctrl between the majority of genes and structural traits relating to the 
mineralization of the bone. The custom polynomial clustering method can distinguish 
between both diet and strain effect. This experiment both surveyed gene groups and 
examined individual temporal gene expressions across the 3 strains and genes relevant to 
bone healing functions. 
 
4.2 Correlations between Gene-Expressions and Phenotypic Outcomes 
 Four groups of correlations, Ctrl ⊖, Ctrl ⊕, Pi ⊖, and Pi ⊕, were defined to 
describe based on diet condition and whether the genes involved were either positively or 
negatively correlated with increased structural mineralization of the bone. In both diets, 
immune functions were found to be mostly negatively correlated with increasing bone 
mineralization while bone, cartilage, and vasculature functions were found to be 
positively correlated with increasing bone mineralization.  
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The Pi diet group, relative to the Ctrl diet group, seems to have more active bone, 
cartilage, and vasculature functions and perhaps suggests a greater rate of ossification 
after phosphate recovery at POD 14 for the Pi group. These observations are consistent 
with findings in previous studies about the bone phenotype changes observed once Pi 
mice returned to a regular chow diet on POD 14. At POD 14, callus formation in Pi 
groups is delayed relative to Ctrl. When phosphate is replenished in the diet, bone healing 
related genes were expressed in the Pi mice again. By POD 35, there were no significant 
differences in callus properties between the Pi and the Ctrl. — i.e. the Pi have comparable 
structural and mechanical bone recovery at POD 35 compared to the Ctrl (Hogue, 2014; 
Matheny, 2014; Wulff, 2015). Measurements made at POD 42 confirmed that, among all 
three strains, callus properties were no longer significantly different between Pi and Ctrl 
(Erin Simmons, 2016). These findings are visualized in figure 41 for the BMD trait.  
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Figure 41 – Bone Mineral Density in Strains AJ, B6, and C3 (A,B,C): All values are 
plotted as percentages of Day 0 control, non-fractured mice femora. Contralateral values 
are included as a reference. * above horizontal lines signifies an interaction with POD. 
Significantly different results are separated by vertical lines. D)). Contralateral limb 
values at day 0 for bone mineral density. (Erin Simmons, 2016) 
Since WGCNA results only focus on correlations between genes and phenotype at 
time points POD 14, 21, and 35, the results can only inform us about what happens to the 
Ctrl and Pi bone after phosphate has been recovered. But the results still capture the 
activation, in response to recovered phosphate in the Pi diet, of bone-related functions 
necessary for bone healing. It is also the case that in both Ctrl and Pi diet, these bone, 
cartilage, and vasculature genes consistently show strong positive correlations with 
increasing bone mineralization.  
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Immune and inflammatory functions were found to be negatively correlated with 
increasing structural bone mineralization in both diet groups. In mice, the fracture is at 
the late stages of soft callus endochondral ossification at 14 days after surgery. The innate 
inflammatory reaction to the onset fracture repair is physiologically functional in 
removing necrotic cells in the fractured bone. But prolonged inflammation afterward has 
been shown to actually impair bone healing and even lead to non-unions (Claes, 
Recknagel, & Ignatius, 2012; Toben et al., 2011). This might support why immune and 
inflammatory functions are decreasing as the bone structurally heals.  
Because the transcriptomic and phenotypic data came from different sets of mice, 
matching between data from different mice was required for correlations to be calculated. 
This individual mice effect is a confounding factor that is addressed via a random test. In 
regular WGCNA, transcriptomic and phenotype data are randomly matched together 
sensibly so that time points and strains match (e.g. genes from AJ POD 14 can only 
randomly match with phenotypes from AJ POD 14). In the random test WGCNA, 
transcriptomic and phenotype were arbitrarily matched without regards to time points 
(e.g. genes from AJ POD 14 can randomly match with phenotypes of any AJ sample 
irrespective of time point).  
The results showed that once the random matching became arbitrary with respect 
to time points, the strong correlations found in the non-arbitrary randomly matched 
WGCNA no longer existed. This disappearance of strong correlations persisted 
throughout the different arbitrary random combinations used. This finding supports the 
idea that the relationships found between genes and phenotypes in the regular WGCNA 
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are real. And this is despite the fact that genetic and phenotypic data necessarily must be 
obtained from different mice and hence must be matched with another mouse of the same 
condition (POD, diet, strain). 
 
4.3 Polynomial Clustering Results Findings 
 The results of our polynomial cluster findings focus on individual genes with 
known effect on bone healing. With polynomial clustering, these gene’s temporal 
expression profiles can be visualized and their diet and strain effects can be parsed and 
interpreted. Two influential genes, HIF-1α and PTH1R, were found to have the same 
expression regardless of diet or strain in this study. HIF-1α was found to play a central 
role in the metabolic functions of bone repair (Carroll, 2016) and PTH1R, a receptor for 
the parathyroid hormone, is currently a popularly researched candidate treatment for 
fracture repair (Kostenuik & Mirza, 2017; Kunimoto et al., 2016). This result suggests 
that these processes are unaffected by the availability of phosphate and might be 
conserved across strains. 
 One remarkable observation is that many other influential genes share the same 
temporal expression profiles between the B6 and C3 strain but have a different profile in 
the AJ strain. Previous phenotype and transcriptome studies have shown that, in this Pi 
mice model, AJ and C3 are more similar than B6. Metabolism genes were shown to be 
more similar between the AJ and C3 stains than the B6 (Carroll, 2016) while bone 
phenotypes — BMD as an example in figure 41 — showed that AJ and C3 bones were 
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more structurally mineralized and similar than B6 (Erin Simmons, 2016). In these 
instances, genes such as IHH, OSCAR, SMAD6, PHEX, SOX9, WNT5A, PECAM1, and 
SMAD9, all have AJ expressions that are markedly different compared to the other 
strains. One of the most common features of these genes in the AJ strain was the 
diminished peak in the Pi compared to the Ctrl. On the other hand, the time point at 
which these peak gene expressions occur was unaffected by the Pi diet (i.e. no delayed 
peaks). Among the previously listed genes, genes that follow this specific pattern are 
IHH, OSCAR, SMAD6, SOX9, WNT5A, and SMAD9. These genes each serve 
important functions in bone healing: IHH is the immediate causal agent for PTH 
formation (Yang, Andre, Ye, & Yang, 2015); OSCAR can co-stimulate 
osteoclastogenesis (Barrow et al., 2011); SMAD6 regulates BMP’s signaling, SOX9 
stimulates osteochondral-lineage differentiation, and WNT5A is associated with 
osteoblast differentiation. These genes are closely related to the functions required 
(functions related to chondrocytes, osteoclasts, osteoblasts) for bone healing. The fact 
that these genes have a diminished peak instead of a delayed peak in the AJ strain may be 
attributable to delayed healing and lack of full recovery of mechanical strength. This 
diminished peak pattern could also imply that genes following this pattern would have 
specific functions that are difficult to recover even after phosphate reintroduction at POD 
14. 
Previous mechanical results did not show that the AJ strain had any significant 
differences from the other two strains for Maximum Torque (in figure 42). But when 
considering Work to Failure instead (in figure 43), AJ does appear to be the weakest at 
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POD 35, though no significant differences were found later at POD 45(Erin Simmons, 
2016). From figure 42 and 43, it can be observed that biomechanical results are 
heterogeneous and complex. One can possibly conjecture that those genes with observed 
transcriptomic diminished peaks in the AJ have effects on bone biomechanical properties 
that are complicated and non-ubiquitous as well.  
 
Figure 42 – Maximum Torque in Strains AJ, B6 and C3 (A,B,C): All values are plotted 
as percentages of Day 0 control, non-fractured mice femora. Contralateral values are 
included as a reference. * above horizontal lines signifies an interaction with POD. 
Significantly different results are separated by vertical lines. Significant differences due 
to diet effects are indicated on the figure. ** above specific day signifies an interaction 
between POD and diet (Erin Simmons, 2016). 
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Figure 43 – Work to Failure in Strains AJ, B6 and C3 (A,B,C): All values are plotted 
as percentages of Day 0 control, non-fractured mice femora. Contralateral values are 
included as a reference. * above horizontal lines signifies an interaction with POD. 
Significantly different results are separated by vertical lines. Significant differences due 
to diet effects are indicated on the figure. ** above specific day signifies an interaction 
between POD and diet (Erin Simmons, 2016). 
Compared to the genes with B6/C3 similarities, fewer genes with AJ/C3 
similarities are found in the above list of notable genes in the result section 3.2.4. But 
there are two important genes among them, BMP2 — required for initiation of bone 
healing (Tsuji et al., 2006) — and RUNX2 — required for the onset of endochondral 
ossification (McGee-Lawrence et al., 2014). Compared to AJ or C3 where the gene 
expression is relatively Pi-insensitive, B6 expressions for both diets are very different. 
B6’s BMP2 gene expression profile is peculiar because, in the baseline Ctrl diet, BMP2 
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expression in B6 was similar to the expression pattern seen in the AJ strain. But in the 
experimental Pi diet, BMP2 expression in B6 was instead more similar to the C3 than the 
AJ. RUNX2’s B6 Pi expression is characterized with a “delayed peak” after phosphate 
reintroduction. Both genes are unaffected by diet in the AJ and C3 strain but are affected 
in the B6 strain. This finding on RUNX2 and BMP2 may be attributable to why previous 
studies have found that AJ and C3 Pi bones are more alike when measuring structural 
phenotypes relative to the B6 (such as BMD in figure 41).  
 
4.4 Conclusion 
 In conclusion, our phosphate-deficient animal femur fracture model results show 
that both Pi and Ctrl have a strong negative correlation between immune functions and 
increasing bone mineralization and a strong positive correlation between bone, cartilage, 
and vasculature functions and increasing bone mineralization. The only difference 
between the Pi and the Ctrl genes is that Pi has more bone healing-related functions than 
the Ctrl. This result shows that (1) many genes (5400 and 5282 genes in Ctrl and Pi 
respectively in our study) are strongly positively correlated with bone structural 
properties such as increasing bone mineralization; and (2) the Pi and Ctrl phenotype 
differences that were previously observed are likely accounted for by gene expression 
difference between few important genes. These few gene differences can also explain 
why Pi has some active bone healing functions that Ctrl did not.  
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 Focusing on the few important genes that are likely to be impactful towards bone 
healing, we scanned and found 22 genes with known effects on bone-healing and also 
distinctive temporal gene expression profiles in either their AJ strain, B6 strain, C3 strain, 
or among all strains. We have found that some genes, such as HIF-1α, are conserved 
between strains and unaffected by the Pi diet. Genes with patterns like HIF-1α are likely 
unaffected by phosphate deficiency and are also conserved across genetic strains. Many 
of the 22 notable genes, with direct effects on osteoblasts, osteoclasts, and chondrocytes, 
actually had similar B6 and C3 expression profiles but a very different AJ expression 
profile. Oftentimes, these AJ Pi gene expressions have a diminished peak rather than a 
delayed peak. Genes following such a pattern, such IHH, likely have an expression peak 
in only the AJ strain that cannot be compensated with recovered phosphate diet at a later 
date. Finally, a few from the 22 notable genes, such as BMP2, are only Pi-diet sensitive 
in the B6 strain. 
 In the end, we know from previous studies that phenotypically, the bone is more 
healed and similar to each other in the Pi condition for the AJ and C3 (Figure 41, A and 
C) strains than the B6 strain. We postulate that these structural phenotypes measurements 
can be explained by important hub genes, such as BMP2, with a unique B6 Pi-sensitive 
expression profile that is influential enough to alter the healing bone and contribute to the 
final phenotype. While other genes, such as IHH, do show important strain effects on Pi 
and Ctrl expressions, their bone structural impact is likely limited. Though these gene 
patterns might possibly help explain why some mechanical bone phenotype 
measurements are weaker in the AJ, such as Twist to Failure at POD 35.   
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4.5 Importance and Clinical Significance 
 This experiment’s results elaborate on the mRNA temporal expression profiles of 
bone-healing genes at a detailed level unprecedented in this phosphate-deficient rachitic 
mice model. Further analysis using this method can (1) identify the specific genes that are 
affected by phosphate deficiency, (2) observed exactly when gene expressions are 
affected and in what manner, and (3) correlate these genes directly to structural or 
biomechanical properties of the healing bone. There is a potential to precisely identify 
both the ensemble of genes responsible for phosphate-deficient impaired bone repair and 
also the effects they have on specific stages of bone repair. Immediate correlation to bone 
phenotypes can relate the impact of particular bone healing mechanisms directly to the 
structural or biomechanical recovery of the bone. Optimistically, such results might 
elucidate much about phosphate-deficient impaired bone repair in mice that are relatable 
to human bone non-unions and perhaps even open up possible applications to non-union 
fracture treatment. 
 
4.6 Limitations of Study and Future Direction 
 One current limitation of this study is that individual genes and functions must be 
identified manually from the output of both methods. This presents two problems: (1) the 
scanning for genes and/or functions of interest is investigator dependent. Findings can be 
contingent on the investigator’s experience, knowledge, and interests, these could 
potentially lead to investigator bias (2) these manual scanning methods cannot determine 
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a hierarchy of gene importance. Based on the current method, all genes that were scanned 
were included for analysis and interpretation. However, there is no way to determine 
which gene is more influential and thus important to bone repair than others. This makes 
the identification of more noteworthy “hub genes” difficult.  
 The future direction of this project is twofold. In our current method, each gene is 
individually analyzed based on their patterns and their known effects on bone healing. 
But gene expressions are interconnected in human biology and it would be more 
informative to be able to identify central hub genes, genes that are interconnected with 
the most amount of bone-healing genes, and then to analyze their temporal expression 
profiles. To achieve this, we will combine the bone, cartilage, and vasculature gene sets 
into a single gene set. Once these genes are analyzed via relational matrices, cluster sets 
with important genes will be identified and connected via IPA. This connection will 
eventually show which gene is the most interconnected (hub gene) in a certain cluster set 
and can identify a gene hierarchy to focus our investigations on. The second goal is to 
directly correlate these identified significant cluster sets and their hub genes to 
phenotypes via WGCNA. By relating specific groups of several known genes, instead of 
thousands of unknown genes, to the phenotype of the bone, these correlations can 
precisely inform us on the strength and manner of which these central hub genes 
influence the phenotypes of the healing bone. 
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